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PREFACE

The NationalShipbuildingResearch Program is sponsored by
the Maritime Administration,United States Department of

Transportation, and by the United States Navy toward

improvingproductivityin shipbuilding.

The Task reported herein investigates a way to improve
planning and shop loading in shipyard production shops
through use of scheduling standards, an approach first
demonstrated during a pilot prcject at Peterson Builders,

Inc. in 1982. A companion study at PBI that same year
examinedthe statisticaldevelopmentof schedulingformulae,

an alternatemethodfor producingschedulingstandards.

This Task investigatesfurther the shipyardapplicationof
classification-levelschedulingstandarddata transferred
from another shipyard. It also treatsin depth the process

of developingscheduling standards from performance data

using regressionanalysis. The predictioncapabilityof each

techniqueis testedagainstmeasuredperformancedata.

The project was conducted by Rodney A. Robinson, Vice

Presidentof Robinson-Page-McDonoughand Associates, Inc.,
assisted by Dr. Robert J. Graves, U. Mass.,and Dr. Leon F.
McGinnis,GeorgiaTech. Participatingshipyardswere NASSCO,

PBI, and Ingalls ShipbuildingDiv. The Work began in May

1985and was completedin September1987.



EXECUTIVESUMMARY

Planning and scheduling work in a shipyardproduction”shop requires a
predictionof how much real time will be consumedby a worker(orworkers)in

accomplishinga work package. On the surfacethis soundsfairlysimple, and
yet the processconstitutesone of the more difficulttasks in shipbuilding

because the PREDICTION element is so uncertain in practice. This Report
discussestwo ways to improvethe qualityof the prediction,which in turn

will improvethe usabilityof the planningand schedulingdeterminations.

The usual technique is to base the predictionof real time to do the work

packageon how long it took to do similar work in the past. This technique
has threedistinctshortcomings:

(1) The presentwork packageMAY NOT have the exact same work content

as the one selectedfrom historicalrecordsto be the model;

(2) The labor collectionsystem that yieldsthe historicalrecordMAY
NOT have been sufficientlyaccurateand comprehensive to reflect the real
time consumedon thatwork package;and

.

(3) There may have been CHANGES in shop conditionsand work mix since
the last performance, for which
utterlyunsensitive.

The need here is for a scientific
preciseactionsperformedby the

the historical performance approach is

approachthat will more closelymatch the
worker(s),and at the same time keep pace

with changing conditions in the shipyard. Once the capability to make

crediblepredictionsis acquired,the processof planningand schedulingwork
becomesmore reasonable,and can be extendedto whateverboundsmay suit the

managementstyleof the shipyard.

This Report examines two new tools that the planner/schedulercan use in

makingthe vitalpredictionof real time to accomplisha work package.

(1) Scheduling standard data (either home-grownor imported)coupled
with a currentnon-processfactoruniqueto his shipyard;and

(2) Astatistically-basedpredictionformula developed from current
performancedata measuredin his own shipyard.



Each of these tools offers superiorpredictionscompared to the techniques

used in the past. Furthermore,each tool is self-improvingthrough usage;
that is, repeatedusage will purifyand improveeach databaseas additional

data are added to it. In the two shop areas investigatedduring this Task,
sheet metal fabricationand pipe fabrication, scheduling formulae were
developedstatisticallywhich exhibitedpredictionerrorsof less than 10% of
the observedwork content inthe test samples. Predictionsbasedon imported
classification-levelstandarddata were in the rangeof 15%. This represents
strong evidencefor the utilityof these tools toward establishingcredible

predictionsof real time to accomplish work package,the quintessential
ingredient for meaningful improvements in planning and shop loading in

shipyardproductionshops.

These findings constitute the third time that these approacheshave been

demonstratedas being valuablefor making work-package-levelpredictionsof
real time for accomplishment.It seems appropriate,therefore,to strongly

endorsethe establishmentwithin a shipyardof an ongoing, self-supporting
systemof schedulingstandarddevelopmentand application.The systemshould

includeperformancedata collectionand analysis,leadingto the development
of scheduling standards using regressionanalysistechniques.Concurrently,

periodicwork samplingshouldbe carriedout to allow the developmentof a
non-process factor for use with classification-levelschedulingstandard

data. Work samplinginformationwill also revealthe true activitiesof the
workforce, leading to improvements through reduction or elimination of

useless efforts.

The use of eitheror both of thesetoolswill enablesubstantialimprovements

in the quality and depth of planningand schedulingprescriptions,thereby
generatingmajor reductionsin shipyardcosts.
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FINALREPORT

Task EC-21

ImprovedPlanning and Shop Loading

in

ShipyardProductionShops

1.0 BACKGROUND

This Task was proposedon 16 July 1984 as an investigationinto the area of
improving shop scheduling and shop loading through use of scheduling
standards(definedin AppendixA) which recognizework parameters(e.g.,pipe
material, diameter, number of joints, number of bends), work mix, shop

capacity,and availableresourcesas a step towardachievingimprovementsin

the shipyardprocessesof scheduling,planning,and loadingwork packagesand
workersto accomplishshopwork.

The usual approach to shop scheduling and shop loading is based on

accumulatedhistoricaldata and the interpretationsof experiencedpersonnel.

This currentmethod is frequentlyinsensitiveto changesin shop conditions
and work mix, and is unable to efficiently utilize available resources

(manpower, material, facilities, and time) that may have changed

substantially since the last contract for similar work on which the

schedulingpredictionsare beingbased.

This Task was an attempt to identifyand assess the value of alternative
bases for scheduling predictions. Specifically, (1) the viability of
transferring scheduling standard data developed in one shipyard for

applicationin anothershipyard,and (2) the development of statistically-

basedpredictionsof realtime neededto accomplishshopwork basedon actual

performance data gathered in a shipyard for application in that same
shipyard.Associated with the latter objective,an APPLICATIONGUIDE for
developingschedulingstandardsusing regressionanalysiswas producedunder
this Task.

The Task was begun on 9 May 1985and was completedon 10 September1987.



2.0 OVERVIEW

The Proposalfor this Task identifieda Ten Point Program for this research.

Although the specific.shipyards and areas to be involved would change
somewhat during performance of the Task, the essential intentionsof the
Proposalwere carriedout.

Briefly,in the first major thrustof this Task, schedulingstandarddata in
the sheet metal shape fabricationarea were obtained from NASSCO*; these
scheduling standard data were transferred to and applied at PBI by the
ProjectTeam.Concurrently,statistically-basedformula standards in this
same area were developedfrom performancedata gatheredat PBI; predictions

basedon theseformulawere testedagainstsubsequentactualperformancedata
at PBI by the ProjectTeam.

In the secondmajor thrustof this Task,schedulingstandarddata in the pipe

fabricationarea were obtainedfrom PBI; these schedulingstandarddata were
transferredto and appliedat ISD by

formula standards in this same area
gathered at ISD; predictions based
subsequentactualperformancedata at

Resultsindicatethe following:

ISD. Concurrently,statistically-based

were developed from performance data
on these formula were tested against
ISD by the Project

1. Classificationstandards for pipe fabrication

fabricationcan be transferred,althoughin some casesa
may be more favorablethan simplyapplyinga non-process

Team.

and for sheet metal
statisticalapproach
factorfor the using

shipyardto the importedclassification-levelstandarddata.

2. Regression-basedformulae standards for pipe fabrication and for

sheet metal fabrication can be developed and are quite accurate for
predicting work content, provided they are applied to a mix of work
representingat leasta manweekof labor.

● The originalintentionhad been to obtainsmall partsfabricationdata from
BIW for transfer to PBI, but obtaining sheet metal shape fabrication data
from NASSCO was a more desirable alternative as Task initiation was

approached.

NASSCO= NationalSteeland ShipbuildingCompany,San Diego, CA

PBI = PetersonBuildersInc.,SturgeonBay, WI
ISD = IngallsShipbuildingDivision,Pascagoula,MS
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3.0 GENERALDISCUSSIONOF THE PROGRAM

The Ten PointProgramfor this researchwas conductedessentiallyas planned.

Eachof the Ten Points,statedin the languageof the Proposal,alongwith a
commentaryon actionstaken for each Point,follows.

Subtask 0: Orientselectedshipyardpersonnelwith pertinentdetailsof this
Task.

Selectedpersonnel

initiatedand after

Subtask 1: In the

were briefed at PBI and at ISD both before the Task was

the Task was completed.

sheet metal shape fabrication area, examine means to

convert detailed MOST standard data into classification-leveldata for
schedulingstandardsuse.

This work had alreadybeen completedby NASSCOpersonnel. Classification-

leveldata was immediatelyavailablein usable form for applicationat PBI.
These data were offered freely byNASSCO,and were obtained for use during

this Task without any difficultywhatever. PBI and NASSCO personnelwere

alreadymutuallyfamiliarwith the shopareasand equipmentat eachshipyard,

a situationthat greatlyenhancedusageof these data at PBI.

Subtask 2: In the sheet metal fabricationarea, designand developformulae

to yieldschedulingstandardsfrom raw in-house.performancedata.

A data collectionform was designed,based on an evaluationofa sample of

ten typical sheet metal shapes. Factors deemed to be relevant to time

estimationincludedshape, dimensions,materialtype and gauge, seam type,

and jointtype.Performancedata from the PBI sheetmetal shop were gathered
throughuse of forms filledout by the workersthemselves.

reducedby the ProjectTeam into a Lotus worksheetformat
whichwould follow.

The principalproblem encounteredduring this subtask was

Thesedata were
for the analyses

the unfavorable

work mix in the shop which prevented the collection of needed data.
Circumstances beyond the control of the Project Team resulted in a

predominanceof installationwork onboardship, ratherthan fabricationwork
in the shop,for much of the time duringwhich thisTask was beingconducted.
This work mix (along with a similar condition at ISD as reported below)
precludeddata collectionfor extendedperiodsof time and forceda six-month
contractextension. Aside from a few incomplete data entriesthat forced

rejectionof severallinesof data,no otherproblemswere evident.

3



Data were collectedduringfour separateperiods. For the purpose

development,the first three data sets were combined, yielding
with a totalof 394 recordscoveringtwenty-one differentshapes.

only six shapesfor which there were sufficientdata (twenty-five.
more) to supportanalysis.

of formula
a database

Therewere

recordsor

Each of the six shapes was analyzed separately. Where appropriate, the

database for a shape was further broken down by material, gauge, etc.,to
allow development of more accurate predictions. Acceptable models were
developed for five of the shapes, although in some cases the models apply
only for a particularmaterialtypesor rangeof gauges. The conclusion for
this subtask is that regression analysis may be applied successfullyin a
sheet metal shop to describe fabricationtimes, i.e.,statistically"good"

modelscan be constructed.

As a part of this Task, an APPLICATION

standards using regression analysis was
(ReferenceC) is publishedseparatelyfrom

GUIDE for

produced.
this Final

developing scheduling
The APPLICATION GUIDE

Report,consistentwith

the different readership for this material.

Subtask 3: In the sheet metal fabricationarea, designand developformulae

to yield schedulingstandardsfrom classification-leveldata.

This effort involvedthe developmentof a non-processfactor (ReferencesA

and B) for the sheet metal fabrication shop at PBI for use with the
schedulingstandarddata from NASSCO(whichwas alreadydeviodof NASSCOnon-

processtimes). A simple non-processfactorwas all that was needed, since
the sheet metal shops at NASSCO and at PBI were determined to be quite

similar in size and equipment, and so were comparable in work capability.

The non-process factor was based on data from work sampling conducted

randomly, five minutes out of every hour, for about two weeks. Data

gathering was straightforward and without difficulty.Datareductionwas
carried out on a personal computer with relative ease. Since the overall

time frame of this Task was so long, two non-processfactordeterminations

were made in sync with the periodsof performancedata collectionin the PBI
sheet metal shop.

The non-process factor was applied to the NASSCO standard data to produce

predictionsof fabricationtime for the shapesof interest.This processwas
simple, and took only a few hours. All four of the data sets were utilized,

althoughseverallines of data could not be used becauseattributesrequired
to match those of the NASSCOstandarddata were missingfrom some of the PBI
data.

4



Subtask 4: In the sheet metal fabrication area, assess the ease of

transferringexistingdetailed MOST standard data for use in developing

schedulingstandards.

Since the aggregationof detailed MOST data-intoclassification-leveldata
had alreadybeen accomplishedby NASSCOpersonnel,this tediouseffort was
avoided. Once the detailed data was so aggregated,the transferof these

data at this schedulingstandard level was simple. The NASSCO data was
alreadyfreeofNASSCO non-processtimes,and so the residueof standarddata
was immediatelyreadyfor transfer.

Subtask 5: In the sheetmetal fabricationarea, conductshop load comparison
teststomeasure the effectivenessof schedulingstandardsproducedby each
technique.

Applicationof the predictionsbased on NASSCOstandardstemperedby the PBI

non-processfactorwas straightforward,and proceeded without difficulty.
The data from all four sampling periods were used. Resultsare discussed

underDETAILEDDESCRIPTIONOF TASKbelow. Generally, the overall prediction
error for four manweeks of fabrication effort was 15%, representing an

improvementoverthe schedulingaccuracyusuallyfoundin shipyards.

Data from the fourthsamplingperiodwere used to evaluatethe statistically

developedpredictionformulae. Attributesfor the sheet metal shapesin the
samplewere used with the formulaedevelopedfrom the firstthreesamplesto

compute predicted fabrication hours. The actual fabrication hours as
recordedby the mechanics were compared to the predictions.In the fourth

samplingperiod,therewere only fourshapeswhich couldbe estimated. There
were no predictionequationsfor the other shapesproducedduringthe period.

Predictionaccuracywas assessedon a piecepart basis, a shapebasis, and a

shop basis.

Individualpiecepart predictionscould vary by as much as 100%or more from

the actual fabrication times. However, when aggregated by shape, the
predictionsrangedfrom 5% low to 32% high. Consideringthe shop as a whole,
the predictions from the formulae were well within 10% of the actual
fabrication times. The totalworkloadin the test samplewas 1635minutes,
or approximately2/3 of a manweek. The conclusionfor the subtask is that
when appliedto a mix of shapesand a large amountof work (approximatelya

manweek), the formulae standardsare quite effective for predicting work
content.
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Subtask 6: In the pipe fabricationarea,designand developformulaeto yield

schedulingstandardsfrom raw in-houseperformancedata.

Performancedata from the pipe fabricationarea at ISD were providedby ISD

IndustrialEngineeringpersonnel.Thesetimes came ultimatelyfrom the hours
chargedto the work by the shop mechanicsat severalselectedwork stations.
Thesedata were accompaniedby sketchesshowingthe technicaldetailsof each
fabrication,from which the specificattributesof interestwere extracted.
Although attempts were made to have the mechanics enter their own time on

separatedata sheets(as had been done successfullyat PBI),this actionwas

not achieved. The precisetimelinessand accuracyof the performancedata

was, therefore,somewhat in doubt (as subsequentanalyseswould show). As

with PBI,delayswere encounteredin obtainingsufficientdata for meaningful
analyses. Thesedelays,along with similardelaysencounteredat PBI,forced
a six-month contract extension. Several sets of data were produced at
variousintervalsof time. Asthese data were receivedfrom ISD,eachset was

entered by the Project Team into a Lotus worksheet format for subsequent
analyses.

There were 5 differentsamplingperiodsat ISD. The fifthsamplewas used to

evaluatethe schedulingformulae. The first four samples were combined to
form the modellingdatabase,even thoughthere were substantialdifferences

in the averagetimes recordedin samples one and two with those in samples
three and four. Becausetimes were recordedfor assemblies,there were only

133usablerecordsin the modellingdatabase,coveringsix differentmaterial
types.

Formulastandardswere developedfor the followingcases:

1. Copper-nickel,90-10;diameters3.00 - 6.00; 1-8 welds

2. Copper;diameters2.00 - 6.00;fewer than 8 braze joints

3. Carbonsteel;diameters2.00 - 6.00;fewerthan 8 welds
4. Aluminum;4.00 diameteronly;at leastone weld

5. Copper-nickel,70-30;10.00diameteronly;at leastone weld

In these cases,good regressionmodels were obtained,confirmingthe results

from the Scheduling Standards Pilot Project at PBI (ReferenceA), i.e.,
regression analysis may be applied successfully for describing pipe

fabrication times. (SeealsotheAPPLICATIONGUIDEfor developingscheduling
standardsusing regressionanalysis,ReferenceC).

6



Subtask 7: In the pipe fabricationarea, assess the ease of transferring

existing classification-level data for use in developing scheduling
standards.

Classification-leveldata in the pipe fabrication area was immediately

availableat PBI, and was offeredfreelyfor applicationat ISD. Thesedata

were devoid of PBI non-process times, and so were transferrableto ISD
without any difficulty whatsoever. These data were accompanied by
explanatoryinformationabout the preciseprocessesused at PBI during the
variousstepsof fabrication.The transferwas simpleand withoutproblems.

Subtask 8: In the pipe fabricationarea,designand developformulaeto yield

schedulingstandardsfrom classification-leveldata.

This subtaskrequireddevelopmentof a non-process

fabricationshopareawheredata were being gathered.
factor for the ISD pipe
AlthoughISD would not

providesuch a number for use with the PBI standarddata, ISD did performan

internalanalysisof PBI standardsvs. ISD performancedata. Unfortunately,
the resultsof this study arrivedtoo late for the ProjectTeam to evaluate
and includein this FinalReport.

Subtask 9: In the pipe fabricationarea,conductshop load comparisontests

to measure the effectiveness of scheduling standards produced by each
technique.

Applicationof the PBI classification-levelstandard data was found to be

straightforward. However, since a non-process factor from ISD was not

available,no attempt was made by the ProjectTeam to applythese imported

standarddata at ISD.

In the data sample used to test the statistically developed prediction

formulae,there were twenty-sixrecords representingfour material types
(there was no aluminum pipe). Only fourteen of the records were usable,

since the others fell outside the limits for which the models had been
developed. Attributes for the fourteen pipe details were used with the

formulae developed from the modelling database to compute predicted
fabrication times. The actual fabrication times reported by ISD were

comparedto-thepredictions,and predictionaccuracywas assessedon a pipe
detailbasis,materialbasis,and shopbasis.



On an individualpipe detailbasis,the predictionerrorsrangedfrom 5.5%to

127%. When aggregatedby materialtype, the errorsranged from 14% to 55%.
However,for the test sample as a whole,the predictionerrorwas only 10%
The total workloadin the test sample was 3498 minutes,or approximatelya
manweek and a half. The conclusionfor the subtask is that when appliedto a
mix of materialtypes and a large amount of work (approximatelya manweek)~
the formulaestandardsare very effectivefor predictingwork content.

Subtask 10: Developrecommendationsfor futureeffortin this area.

Threerecommendationsfor furthereffortin thisarea were generated,as
fullydiscussedin paragraph5.2 below. Briefly,

A. Use regionalone-or-two-dayworkshopsto

this Task to interestedshipyardpersonnel.

they are as follows:

spreadthe information

more

from

B.

effort

c.

Arrangea system for performancedata collectionin supportof future

in this area.

Identify,develop,and distributeto interestedshipyardpersonnelas

much classification-levelstandarddata as is economicallyfeasible.

8



4.0 DETAILEDDISCUSSIONOF TASK

4.1Classification-levelStandardData for Sheet Metal Shapesfrom NASSCO

Classification-levelstandard data for several sheet metal shapes were
already developed at NASSCO,and were made available to the projectTeam.

(An illustrative sample of these data is contained in Appendix B.)This
circumstanceavoidedthe tediousprocessof havingto developsuch data from
MOST or similar MTM labor standard data for use during this Task. These
classification-leveldata were obtainedwithoutany difficultywhatsoever.

They were alreadydevoidof non-processtimes, and so were immediatelyready

for transferto PBI. The sheetmetal shopsat NASSCOand PBIwere determined

to be essentiallysimilarin size and equipment,and so the classification-

level standarddata was judgedlikelyto be suitablefor applicationat PBI.

Work samplingwas conductedat PBI towarddevelopmentof a non-processfactor
to be used in conjunctionwith the NASSCOclassification-leveldata. Work
sampling,performedby a member of the IndustrialEngineeringStaff at PBI,
was done randomly,five minutesout of everyhour,for abouttwo weeks. Data
gatheringwas straightforwardand without difficulty. Data reduction was
carriedout on a personalcomputer,which eased the task considerably.Two

non-processfactor determinations were made in view of the extendedtime
frame for productiondata collection.

The PBI non-processfactor(consistentwith the time frame duringwhich the

productiondata were collected)was readily applied to the classification-
level NASSCOdata by the ProjectTeam. The resultingpredictionof time to

fabricate the shape of interest was easily made. (The testing of these
predictionsis discussedlaterin this Section).

4.2 Classification-levelStandardData for Pipe Fabricationfrom FBI

Classification-levelstandarddata from the pipe fabricationarea at PBI had

alreadybeen developedby PBI, and was freelymade availableto the Project

Team. (Illustrativesample in Appendix E). This avoidedthe need for the
ProjectTeam to developsuch data from MOST data. Theseclassification-level
data were devoid of PBI non-process times, and were accompanied by

explanatory information about the processes used at PBI during pipe
fabrication,which appearedsufficientlysimilar to thoseat ISD that these

classification-leveldata shouldbe suitablefor applicationat ISD.

Applicationof the PBI classification-leveldata into schedulingpredictions

at ISD required a non-process factor for the pipe fabricationarea at ISD.
The Project Team was unable to obtain such a non-processfactor from ISD.

9



ISD did, however, perform an internalanalysisof PBI classification-level

standarddata vs. ISD performancedata. Unfortunately,this analysisarrived
too late for the ProjectTeam to be able to make a meaningfulanalysisof it

for inclusionin this Final Report.

4.3 Performance Data Collection for Sheet Metal Shapes at PBI

Performance data was collected in the PBI sheet metal shop during four
separate periods of time, Adata collection form (includedin Appendix C)

was designed, based on a sample of ten typical sheet metal shapes. Other
shapes were later added to suit the actual fabricationsencounteredat PBI.
Factors deemed relevant to time estimation included shape, dimensions,

material type and gauge, seam type, and joint type (seelisting and coding

arrangementcontainedin AppendixC). These data were entered on the forms
by the workersthemselves. Thesedata were thenreducedby the ProjectTeam
into a Lotus worksheet format for the analyses that would.follow. An
illustrativesample of the reduceddata is includedin AppendixC.

All foursetsof data were used to evaluatethe importedclassification-level

standarddata. The firstthree sets were used for the modellingdatabasefor
the statisticallydevelopedschedulingformulae,and the data from the fourth
set were used to evaluatethese schedulingformulae,as discussedbelow.

The most important problem that occurred during data collection was the

unfavorablework mix in the shop,which favoredinstallationwork ratherthat

fabricationof shapes. This situationprecludeddata collectionfor extended
periodsof time, and (alongwith a similarconditionat ISD reportedbelow)

forceda six-monthextensionin the contractfor this Task. otherthat a few
incomplete entries that forced rejection of some lines of data, no other

problemswere evident.

4.4 Performance Data Collection for Pipe Fabrication at ISD

Performance data for the pipe fabrication area at ISD was provided by ISD
Industrial Engineering personnel. ProjectTeam attempts to have the data

recorded by the workers themselves were not realized. The times provided

came ultimatelyfrom the hourschargedto the work by the shop mechanicsat
severalselectedwork stations. These data were accompaniedby pipe detail
sketches showing the technical information for each fabrication. The

specificattributesof interestwere extractedfrom the pipe detailsby the
ProjectTeam. (A listingof the attributesused is includedin AppendixD.)

As with PBI, delays were encountered in obtaining sufficient data for
meaningfulanalysis. Thesedelays(withsimilardelaysat PBI)forceda six-

10



month extension in the contract for this Task. Five sets of data were

providedat variousintervalsof time. As thesedata were receivedfrom ISD,

each set was entered by the ProjectTeam into a Lotus worksheet format for
analysis.An illustrativesampleof reduceddata is containedin AppendixD.

The first four sets of data were combined to form the modelling database,

eventhoughthe averagetimes in samplesone and two differedmarkedlyfrom
the averagetimes in samplesthree and four. The ProjectTeam was not able

to resolve the reason for this condition. The data in the fifth set were

used to evaluatethe schedulingformulae as discussedbelow.

4.5 Dvelopment and Evaluation

In both

general

1.

the PBI sheet metal shopand the ISD pipe fabricationshop,the same

procedureswere followed,consistingof four steps:

Data screening - evaluation of the raw data to identify any

suspiciousrecords;follow-upwith shipyardto verifyor correcterrors;
eliminatedata recordif necessary.

2. Initialmodel building- examinationof the data using a varietyof

statisticaltools in an effortto identifythe range of data over which
models can be developed,the predictorvariablesto use with the model,

andthe mathematicalform of the model.

3. Regression analysis - computing coefficients for the scheduling

formulae,and analyzingthe resultswith regardto outliers,goodnessof
fit, and alternativemodel forms.

4. Testing- applicationof the schedulingformulaeto work that was not

containedin the databasefromwhichthe coefficientswere computed.

(Note: These procedures are discussed in the APPLICATION GUIDE for

developing scheduling standards using regression analysis, Reference C,
produced under this Task and distributed separately to the interested
readership.)

A summary of the results for each shop is given below. In every case, a

numberof modelswere examined,but only those actuallyselectedfor testing
are reported.
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4.5.2 PBI Sheet Metal Fabrication

The sheet metal shop fabricates a range of sheet metal shapes; over the

period of the Task, data were collected on twenty-one shapes. The

requirementsfor data collectionwere determinedfrom a preliminaryanalysis

of the ten most frequentlyproducedshapes. The data elementscollectedare

illustratedin AppendixC. Therewere threedata collectionperiodsprior to
testing the schedulingformulae. At the end of each period, the data were
screened, and any suspected errors were communicated to the shop for
reconciliation. Examples of suspected errors would include a diameter
measurement recorded for a rectangular shape, missing dimensions for a

rectangularshape,or an angle for a straight shape. After screening,the

first three data sets were combined into a modelling database, which

contained a total of 394 records. Table 1 presents the frequency

distributionfor shapesin the modellingdatabase.

Table 1
FrequencyTable for Shape- sortedby Frequency

PBI Data (Sets1, 2, and 3 combined)

Value

5
2

1
6
9
10
3
15
16
18
4
12
20
7
11
13
14
17
19
21

Total

Frequency

108
55
43
38
38
28
18
14
13
9
7
4
3
3
3
2
2
2
2
1
1

394

ValidCases 394

Percent

27.4
14.0
10.9
9.6
9.6
7.1
4.6
3.6
3.3
2.3
1.8
1.0
0.8
0.8
0.8
0.5
0.5
0.5
0.5
0.3
0.3

100.0

Valid
Percent

27.4
14.0
10.9
9.6
9.6
7.1
4.6
3.6
3.3
2.3
1.8
1.0
0.8
0.8
0.8
0.5
0.5
0.5
0.5
0.3
0.3

*

MissingCases O

12

Cum
Percent

27.4
41.4
52.3
61.9
71.5
78.6
83.2
86.8
90.1
92.4
94.2
95.2
96.0
96.8
97.6
98.1
98.6
99.1
99.6
99.9
100.2



Recognizingthat for a given shape there are likely to be several factors

affectingfabricationtime,it was decidedthat the only shapesthat wouldbe
analyzed were those having at least twenty-five records in the modelling
database. As a result,there were only six shapes for which an effort was
made to develop“schedulingformulae,shapes 1, 2, 5, 6, 8, and 9.

In analyzinga givenshape,the firststep was to establishthe boundariesof
the modellingdatabase.This was done by examiningcrosstabulations,such as

the one presented in Table 2 for shape 2 (rectangulartransformer).The
crosstabulationrevealsthat the observationsare not uniformlydistributed

across the predictor variables. In this particular case, for material 1

(galvanizedsteel),the observationsare concentratedin gauges 18, 20, and
22 For material2 (perforatedaluminum),the observationsare concentrated

in gauges 20, 22, and 24.

Table 2
Crosstabulationof Gaugeby Material
for Shape2 (rectangulartransition)

Material 1 3 Row Total

Gauge 11 2 2
16 1 2 3
18 4 4
20 6 9 15
22 18 7 25
24 2 2

ColumnTotal 31 20 51
Percent 60.8 39.2 100.0

Numberof MissingObservations= 4
Material1 = galvanizedsteel
Material3 = stainlesssteel

Becauseof the unfavorabledistributionof observations,recordsfor gauges

11, and 16 were deleted from the modelling database. To determine if the

remainingimbalancebetween materialsin the distributionacrossgaugesis

important,a means analysiswas done. The resultsare displayedin Table 3,

which indicatesthat

a givenmaterialand
was determined that

eachmaterialtype.

there may be substantialdifferencesbetweengaugesfor

betweenmaterialsfor a givengauge. On this basis, it

differentpredictor equationsshould be developedfor

13



Table3
MeansAnalysisfor Shape2 (rectangulartransformer)

Summariesof Time by levelsof Gauge and Material

Variable Mean Std Dev Cases

For entirepopulation 64.3913 62.1223 46

Gauge 18 200.0000 128.6468 4
Material1 200.0000 128.6468 4

Gauge 20 48.6000 15.5187 15
Material1 44.0000 21.0238 6
Material3 51.6667 10.8972 9

Gauge 22 54.4000 40.4485 25
Material1 53.0556 40.4438 18
Material3 57.8571 43.4796 7

Gauge24 36.5000 4.9497 2
Material3 36.5000 4.9497 2

Total Cases = 50 MissingCases = 4 or 8.o%

For material type 1 (galvanizedsteel),a two-variableplot was generated,

showingtime with totalopeningarea, and is reproducedin Figure 1. There

is no discernible trend in this plot, indicating that the most reasonable

predictionwouldbe simplythe mean of the modellingdatabase.

This is not the case for material type 3 (perforated aluminum), as

illustrated in Figure 2, where there is a clear trend.
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The subsequentregressionanalysisgeneratedthe predictionequationlisted

in Table 4. This same

shapes for which there

The schedulingformulae
Thereis no formulafor

general analysis was repeated for each of the six

were at least 25 records in the modelling database.

developedduring the Task are summarizedin Table4.

shape9. Althoughtherewere 28 recordsfor shape9,
therewere only five uniquerecords;i.e.,therewere five groupsof records,

and all records in a group were identical. The lack of variability in
fabricationtimes for identicalparts indicatespotentialproblemsin data

collection.Even if the times are correct,there is not enoughvariationin
part attributesto justifyregressionanalysisfor shape 9.

Shape

1

2

5

6

8

NOTES:

Table 4
Summaryof PredictionEquations

Adj.
PredictionEquation R-sq Mean

TIME = 1.15*(X1*Y1) 0.85 75.5

TIME = 0.33*(XI*Y1+X2*Y2) 0.59 76.3
TIME = 0.43*(XI*Y1+X2*Y2) 0.64

0.20*{X1*Y1+X2*Y2)
91.7

TIME = 0.82 54.8

TIME = 1.37*(X1+Y1) 0.83 51.3
+ 1.17*GAUGE

TIME = 0.70*GAUGE 0.85 26.3
+ 0.33*LEN1

TIME = 40 for GAUGE = 20, 22, 26 52.3
TIME = 60 for GAUGE = 24

1 -

2-
3 -
4 -
5 -

Shape 1 =
Shape 2 =
Shape5 =
Shape 6 -
Shape8 =

Material1 =
Material3 =

Joint8 =

all observationsfor this shape

Std No.
Error Cases Note

49.0 43 1

73.8 55 1
84.7 31
27.1 20 :

23.8 108 1

11.0 38 1

38 1

only observationswith material= 1 for this shape
only observationswith material= 3 for this shape
only observationswith GAUGE >= 20 for this shape
only observationswith material= 3 and joint 8 for this shape
transition,rectangularto round
rectangulartransformer
rectangularelbow
straightduct
offset
galvanizedsteel
stainlesssteel
weld

The predictionequationswere testedusing the data from the fourthsampling
period. Since therewere no observationsin the fourthset of data for shape
6, the correspondingpredictionequationcouldnot be tested. Detailsof the

testingare presentedbelow.



Testingmodel for Shape 1 - transition,rectangularto round
Time = 1.15*(X1*Y1)

N = 4 (4 of 5 recordsfor shape 1 in PBI data set 4 are usable)

Adj: R-sq.= 0.85

—TIME—
Point xl Y1 observed predicted RESIDIAL

1 6.00 3.25 30.00 22.36 7.64
2 5.00 4.00 30.00 22.94 7.06

6.00 3.00 30.00 20.64 9.36
4 3.50 4.00 30.00 16.06 13.94

120.00 82.00

120+

100+

80+

60+

40+

20+

1234

observed Data Point

Predicted
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TestingModel for Shape2 - rectangulartransformer
materialtype 3 (stainlesssteel)

jointtype not 8 (weld)
Time = 0.19*(X1*Y1+X2*Y2)

N = 5 (5 of 8 recordsfor shape 2 in PBI data set 4 are usable)

Adj. R-sq. = 0.77

Point x1 Y1

1 9.50 10• 50
2 9.50 10.50

9.00 10.50
4 4.00 9.50
5 4.00 9.50

—TIME—
X2 Y2 observed predicted

10.50 20.00 45.00 58.45
10.50 20.00 45.00 58.45
6.00 16.00 15.00 35.95
4.00 10.50 30.00 15.10
4.00 10.50 30.00 15.10

Prediction Error

TOTAL 165.00 183 .05

= 11.0%

12345
0 Observed Data Point

● predicted

-3.3.45
-13.45
-20.95
14.90
14.90
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TestingModel for Shape5 - rectangularelbow
Time = 1.37*(X1+Y1)+ 1.17*Gauge

N = 16 (16of 17 recordsin PBI data set 4 are usable)
Adj.R-sq. = 0.83

Point
-------

1
2

4
5
6

7
9
10
11
12
13
14
15
16

Xl

4.00
2.00
3.00
4.00
7.00
4.00
4.00
4.00
4.00
8.00
6.50
20.00
15.oo
9.50
9.50

Y1

7.00
4.00
4.00
5.50
4.00
6.50
6.50
5.00
4.00
20.00
15.oo
8.00
6.50
12.oo
12.oo

26
26
26
26
26
26
26
26
26
20
20
20
22
22
22

—TIME—
observed predicted RESIDIAL

30.00 45.49 -15.49
30.00 38.62 -8.62
30.00 39.99 -9.99
75.00 43.43 31.57
30.00 45.49 -35.49
75.00 44.80 30.20
30.00 44.80 -14.80
30.00 42.74 -1.2.74
30.00 41.37 -11.37
90.00 61.83 28.17
120.00 52.90 67.10
120.00 61.83 58.17
90.00 55.24 34.76
15.00 55.24 -40.24
45.00 55.24 -10.24

4.00 9.50 22 45.00 44.25 .75

TOTAL 885.00

PredictionError= 12.6%

773.26

1234567891011 1213141516
O observed Data Point
● Predicted
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TestingModel for Shape8 - offset
Time = 40 (forgauge= 20, 22, 26)

Time = 60 (forgauge = 24
N= 11 (11 of 11 recordsfor shape8 in PBI data set 4 are usable)

Point
--------

1
2

4
5
6
7
8
9
10
11

120+

100+

80+

40+

—TIME—
observed predicted RESIDIAL

26
26
22
22
22
22
22
22
22
22
22

30.00
30.00
45.00
60.00
60.00
60.00
66.00
30.00
30.00
30.00
30.00

40.00
40.00
40.00
40.00
40.00

- 40.00
40.00
40.00
40.00
40.00
40.00

-10.00
-10.00
5.00
20.00
20.00
20.00
20.00
-10.00
-10.00
-10.00
-10.00

TOTAL 465.00 440.00

PredictionError= 5.4%

20+

0 Observed
Data Point

. predicted
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For the PBI sheet metal shop, the resultsof testingthe predictorequations

are summarized in Table 5. For the total observed work content of 1635

minutes, the scheduling formulae predicted a workload of 1478 minutes$ for a

prediction error of 10%

Table 5
Summaryof SchedulingFormulaeTesting

Shape Observed Predicted % Error

1 120 82.00 31.7
2 165 183.05 10.9
5 885 773.26 12.6
8 465 440.00 5.4

Total 1635 1478.31 9.6
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4.5.3 ISD Pipe Fabrication

The pipe shop at ISD fabricates pipe assemblies from a number of material

types. The operationsincludedin this analysiswere welding,brazing,and
mechanicaljoints,i.e.,no sawingand no bendingoperationswere considered.
The data elements collected are illustrated in Appendix D. These are the
attributes considered important in determining fabrication time from a

schedulingformula.

There were four data collection periods prior to testing the scheduling

formulae. The practiceat ISD was to recorda singletime for an assembly,
regardlessof the number of SPO01S their materialtypes or theirdiameters.
This type of record confoundsthe fabricationtime with the assembly time.
If there were a large number of records, it might be possible to develop

schedulingformulaewhich combine fabricationand assembly. However, since

the totalnumberof recordswas relativelysmall (froma statisticalanalysis
perspective),this was not possible. Therefore,the multipleline records

(those with several spools but only one time value) were deleted from the
modellingdatabase. Subsequently,26 additionalrecordswere deleted,due to

erroneousdata (invalidmaterial,etc.)or becausethey were outliers(e.g.,
one recordrepresentingtwo manweeksof work,when the next largestwas only
two mandays).

The result of the data screening was a modelling database containing 133

records from four different sampling periods. Since the sampling periods
were spread out over a significantperiod of time, there was some concern

regarding the consistency in the data. Table 6 summarizes descriptive

statisticsfor each of
of the four samples.

the four samplesand for threedifferentcombinations

Table 6
DescriptiveStatisticsfor ISD Data

Data Sets

1

2
3
4
1+2
3+4
1+2+3+4

Mean Std. Dev. Min Max

289.17 154.83 54 768
166.30 92.88 42 456

2465.50 1945.28 649 5043
1358.13 746.55 605 2853
245.81 148.04 42 768
1832.71 1441.86 605 5043
412.85 680.67 42 5043
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77
42
6
8

119
14
133



It seems clear from the data in the table that there were-significant

differencesbetween the firsttwo samples and the last two samples, since
their means differ by almost an order of magnitude. Nevertheless,since
therewas no indicatonthat this differencerepresenteda structuralchange
in the shop,all fourdata sets were combinedin the modellingdatabase.

Table 7 presentsa means analysisof time by materialfor the ISD data, and
indicatesthat there are significanteffectsdue to materialtype. Basedon

the resultsin Table 7, it seems likelythat differentschedulingformulae
wouldbe requiredfor eachmaterialtype.

Table 7
MeansAnalysisof Time by Material

For entire

MaterialO
Material1
Material2
Material3
Material4
Material5
Material6

Mean Std DeV

population 412.8496 680.6689

(not specified) 238.0000
(copper-nickel90-10)

67.4398
415.3684 726.9904

(copper) 211.5789 114.1375
(cres) 1763.2000 1948.2122
(carbonsteel) 299.0000 282.2979
(aluminumalloy) 412.6000
(copper-nickel70-30)

268.8999
457.0000 527.3664

Cases

133

57
19
5
27
10
12

Beforeanalyzingthe differentmaterialtypes in depth,crosstabulationswere
used to determinethe rangeof attributesover which the schedulingformulae

could safelybe applied. Table 8 displaysa crosstabulationof diameterby
material. From the table it was clear that there was insufficientdata to

supportanalysisof materialtype 3. Also, for materialtypes5 and 6, only
a singlediametercouldbe analyzed.Finally,the analysisof materialtypes

1, 2, and 4 would be valid only for limited ranges of diameter. These
formulaelimitationsare summarizedin Table 9.
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Table 8
Crosstabulationof Diameter

Material

by Material

5 6 Row Totalo 1 2 3 4
Dia
0.0 2 2

0.25 1 1

0.44 1 1

1.00 2 2 4

1.25 3 3

1.50 1 1 2

2.00 4 6 1 17 1 1 30

2.50 13 7 2 3 25

3.00 1 10 1 2 2 16

3.50 5 3 1 9

4.00 1 11 5 11 28

6.00 10 2 3 15

8.00 1 1 2

10.00 1 15 16

Total 4 61 21 5 33 14 16 154

Percent 2.6 39.6 13.6 3.2 21.4 9.1 10.4 100.0

Numberof MissingObservations= 4

Table 9
FormulaLimitationsBasedon Diameter

Minimum Maximum
Material Diameter Diameter

1 1.00 6.00
2 2.00 3.50
4 2.00 6.00
5 4.00 4.00
6 10.00 10.00
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Similar crosstabulationswere run for number of welds, number of braze

joints,and numberof mechanicaljoints. In each case, the distributionof
observationsindicatedthat the schedulingformulaethat might be developed

shouldbe limitedin applicationto avoidthe errorof extrapolation.These

limitationsare summarizedin Table 10. It is importantto note that these

limitationsare due to the modelling database,and not to the basic method
beingused to developthe schedulingformulae.

Table 10
FormulaeLimitationBasedon Welds,Braze,and MechanicalJoints

Maximum Maximum Maximum
Material Welds Braze Mechanical

1 8 6 7
2 0 7 0
4 8 0 0
5 5 0 0
6 5 0 0

A total of seven different scheduling formulae were developed, and are

summarizedin Table 11. The firsttwo applyacrossall materialtypes,and

were constructedsimply as an experimentto see how accuratesuch a formula
might be. Model 1 was based on the data from the firsttwo samplingperiods,

while model 2 was basedon the aggregateof all four samplingperiods. It is

instructiveto note how much the "bestnmodelchangeswhen data from the last

two periodsare addedto the analysis- anotherindicationof the differences

betweenthe samplingperiods.

The data from the fifth sampling period were used to test the scheduling
formulae,providedthey fellwithinthe limitsof applicationshown in Tables
9 and 10. Detailsof the testingare listedbelow.
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Table 11
SchedulingFormulaefrom ISD Pipe Shop

Adj. Std.
No. PredictionEquation Data Sets R-sq Error

1 TIME = 20.50*(Dia) 1+2 0.86 109.17
+ 49.44*(Wld)
+ 26.07*(Brz)
+ 53.15*(Mec)

2 TIME = 38.26*(Dia) 1+2+3+4 0.88 279.83
+ 11.27*(Wld)ˆ2
+ 2.67*(Brz)ˆ2
+ 43.85*(Mec)

-—---—---—-----—--

3

4

5

6

7

NOTES: 1 -
2-
3-
4-
5-

Material1 =
Material2 =
Material4 =
Material6 =

TIME = 240.9*(Wld) Note 1 0.97 214.90

TIME = 81.O*(Wld) Note 2 0.79 125.40

TIME = 54.5*(Brz) Note 3 0.86 86.50

TIME = 56.3*(Wld) Note 4 0.81 112.50

TIME = 120.O*(Wld) Note 5 0.85 121.00

all recordswith material= 1, Dia <= 2.5, and Brz <= 9
all recordswith material= 1, Dia >= 3.0,Wld <= 6, and Dia <= 6
all recordswith material= 2, Dia >= 2.0, and Brz <= 7
all recordswith material= 4, and Wld <= 7
all recordswith material= 6, and Dia = 10
copper-nickel90-10
copper
carbonsteel
copper-nickel70-30
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TestingModel
Time (ATOT)=

N =

Adj. R-sq. =

Point
-------

1
2

5
7
8

9
10
11
12
13

14
16
17
18
19
20
21
22
23
24

1

20.50*(Dia)+ 49.44*(Wld)+ 26.07*(Brz)+ 53.15*(Me~)

26 (26 Of 26 recordsin ISD data set 5 are usable)

0.86

2.00
6.00
4.00
.50

1.00
1.50
2.00
10.00
2.50
3.50
3.50
3.50
3.50
2.00
5.00
2.00
10.00
10.00
10.00
10.00
3.00
2.00
2.50
2.50
2.50
1.25

7
2
0
2
0
0
3
2
0
5
5
3
5
0
3
0
2
2
3
2
0
0
3
0
0
3

0 0
0 0
8 0
19 0
22 0
10 2
0 0
0 0
6 0
0 0
0 1
0 1
0 0
10 0
0 0
16 0
0 0
0 0
0 0
0 0
1 0
1 0
11 4
3 0
3 0
0 0

235.00
156.00
267.00
459.0’0
435.00
415.oo
148.00
292.00
304.00
259.00
180.00
107.00
254.00
168.00
299.00
399.00
544.00
354.00
347.00
219.00
64.00
37.00
300.00
75.00
116.00
273.00

387.10
221.89
290.52
604.38
593.94
397.71
189.33
303.89
207.64
318.96
372.11
273.23
318.96
301.66
250.83
458.05
303.89
303.89
353.33
303.89
87.57
67.07
698.90
129.45
329.45
173.95

-1.52.10
-65.89
-23.52
-145.38
-158.94
17.29
-41.33
-11.89
96.36
-59.96
-192.11
-166.23
-64.96
-3.33.66
48.17
-59.05
240.ll
50.11
-6.33
-84.89
-23.57
-30.07
-398.90
-54.45
-13.45
99.05

25
26

TOTAL 6706.00 8041.59

PredictionError= 19.9%

*** Plot is on the next page ●**
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400+

200+

1
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0 observed Data Point
• predicted
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TestingModel

Time (ATOT)=

N =
Adj. R-sq. =

Point
-------

1
2

4
5

7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

2

38.26*(Dia)+ 11.27*(Wld)ˆ2+2.67*(Brz)ˆ2+ 43.85*(Mec)
26 (26of 26 recordsin ISD data set 5 are usable)

0.88

—ATOT—
DIA WLD BRZ MEC observed predicted RESIDIAL

2.00
6.00
4.00
.50

1.00
1.50
2.00
10.00
2.50
3.50
3.50
3.50
3.50
2.00
5.00
2.00

10.00
10.00
10.00
10.00
3.00
2.00
2.50
2.50
2.50
1.25

7
2
0
2
0
0
3
2
0
5
5
3
5
0
3
0
2
2
3
2
0
0
3
0
0
3

0
0
8
19
22
10
0
0
6
0
0
0
0
10
0
16
0
0
0
0
1
1
11
3
3
0

0
0
0
0
0
2
0
0
0
0
1
1
0
0
0
0
0
0
0
0
0
0
4
0
0

235
156
267
459
435
435
148
292
304
259
180
107
254
168
299
399
544
354
347
219
64
37
300
75
116
273

628.96
274.66
323.87
1027.84
1330.20
412 .01
177.99
427.69
191.74
43.5.77
459.61
279.22
415.77
343.45
292.77
759.86
427.69
427.69
484 .07
427.69
117.45
79.19
695.49
119.67
119.67
149.29

-393.96
-118.66
-56.87
-568.84
-895.20

2.99
-29.99
-3.35.69
112.26
-156.77
-279.61
-172.22
-161.77
-175.45

6.23
-360.86
116.31
-73.69
-3.37.07
-208.69
-53.45
-42.39
-395.49
-44.67
-3.67
123.71

TOTAL 6706.00 10809.31

Predicticon Error =61.2%

*** Plot is on the next page ●**
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1200+

1000+

800+

600+

400+

200+

1 23456789 11 13 15 17 19 21 23 25
10 12 14 16 18 20 22 24 26

0 observed Data Point
. predicted

Model 3 is not testedbecausethereare no matchingrecordsin ISD data set 5
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TestingModel4
Time (ATOT)= 81.O*(Wld)

N = 5 (5 of 11 records in ISDdata set 5 are usable)
Adj. R-sq.= 0.79

—ATOT—
Point WLD observed predicted RESIDUAL
-------

1 5 259.00 405.00 -146.00
2 5 180.00 405.00 -225.00

3 107.00 243.00 -136.00
4 5 254.00 405.00 -1.51.00
5 3 299.00 243.00 56.00

1200+

1000+

800+

200+

TOTAL 1099.00 1701.00

PredictionError = 54.8%

12345 Data Point
0 Observed
● Predicted
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TestingModel 5

Time (ATOT)= 54.5*(Brz)
N = 3 (3 of 5 recordsin ISD data set 5 are usable)

Adj. R-sq. = 0.86

Point
-------

1
2
3

1200+

1000+

800+

600+

400+

200+

ATOT—
BRZobserved predicted RESIDIAL
6 304.00 327.00 -23.00
3 75.00 163.50 -88.50
3 116.00 163.50 -47.50

TOTAL 495.00 653.00

1 3 Data Point
Observed

. predicted
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TestingModel6
Time (ATOT)= 56.3*(Wld)

N = 1 (1 of 1 recordin ISD data set 5 was usable)
Adj. R-sq.= 0.81

—ATOT—
Point WLD observed predicted RESIDUAL
-------

1 3 148.00 168.90 -20.90

1200+

1000+

800+

600+

400+.

200+

1

0 Observed
Data Point

● Predicted
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TestingModel7
Time (ATOT)= 120.O*(Wld)

N = 5 (5 of 6 recordsin ISD data set 5 were usable)

Adj. R-sq. = 0.85

—ATOT—
Point WLD observed predicted RESIDUAL

1 2 292.00 240.00 52.00

2 2 544.00 240.00 304.00
2 354.00 240.00 114.00

4 3 347.00 360.00 -13 .00

5 2 239.00 240.00 -21.00

TOTAL 1756.00 1320.00

Prediction Error=24.8%

1200+

1000+

800+

200+
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For the ISD pipe shop, the results of testing the schedulingformulae are

summarizedin Table 12 For the totalobservedwork contentof 3498 minutes
fallingwithinthe limitsof the formulae,the schedulingformulaepredicted

3842.9 minutes, for a prediction error of 9.9% .Even when using the

aggregateformula,the predictionerrorwas only 19.9%.

Table 12
Summaryof SchedulingFormulaeTesting

Formula Observed Predicted % Error

1 6706.00 8041.59 19.9
2 6706.00 10809.31 61.2

4 1099.00
5 495.00
6 148.00
7 1756.00

Total 3498.00
(4+5+6+7)

4.6 Imported Standard Data Application

4.6.1 PBI Sheet Metal Fabrication

The standarddata importedfrom NASSCO

of the non-process factor developed

1701.00 54.8
653.00 31.9
168.90 14.1

1320.00 24.8

3842.90 9.9

and Testing

was appliedto severalshapesby means

for the PBI sheet metal fabrication

shop. For each shape,performancedata measuredat PBI was brokendown into

the same attributesas neededto enterthe NASSCOstandarddata listing,that
is, light/small/large/short/etc.as definedby NASSCO. Severallinesof PBI

data could not be used and had to be rejected because the necessary
attributeswere missing. However,sufficientdata remained to permit the

assessmentshown in Table 13, which comparestimes observedat PBI with the
predictedtimes basedon the importedNASSCOdata.
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Summaryof

Shape Notes

1 1,2,3

2 1,2,3

5 1,2,3

6 1,2,3,4

8 1,2,4

Total

NOTES: 1 -
2-
3-
4-

Shape 1 -
Shape 2 -
Shape 5 -
Shape 6 -
Shape 8 -

No.
Fabs

49

52

102

31

5

Table 13
Predictionsfrom ImportedStandardData

Observ Observ Predict Predict
Minutes Min/Fab Minutes Min/Fab

2559 52 3263 66

1959 38 1655 32

4970 49 6110 60

743 24 742 24

254 51 295 59

10485 12065

light (< 1/16”thk)
small (< 100 sq" opening)
large (> 100 sq" opening)
short (< 20" long)
transition,rectangularto round
rectangulartransformer
rectangularelbow
straightduct
offset

Predict Min/Fab
% Error Error

27.5 +14

15.5 -6

22.9 +11

0 0

16.1 + 8

15.1

These results show, in general, that for the four manweeks of fabrication

effort observed, the prediction capability was within about 15Z. This degree

of prediction accuracy is quite good, considering the small amount of effort

needed to make it.

4.6.2 ISD Pipe Fabrication

Imported standarddata applicationin the ISD pipe fabricationshop was not

attempted by the Project Team because the necessary non-process factor
informationwas not available. ISD did performan internalanalysisin this

general area, but unfortunatelyinformationabout this analysisarrivedtoo
late for evaluationby the ProjectTeam and inclusionin thisFinal Report.
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5.0 CONCLUSIONS AND

5.1 Conclusions

RECOMMENDATIONS

A. The application of imported classification-levelstandard data

yieldedpredictionswith an overallaccuracyof about 15%. The predictions

from the statisticallydevelopedschedulingformulaedisplayedan accuracyof

about 10%. Eitherpredictionmethodappearssuperiorto presenttechniques.

B. The imported data approach was considerably

carry out than the statistical approach, although
excessivelyburdensomeonce it was set up and running.

quicker and easier to

neither approach was

c. Eitherapproachrequiresthe collectionof performancedata at the
individualfabricationlevel. An ongoingprogram for data collectionwould

thereforebe neededfor most satisfactoryresults.

D. The imported classification-levelstandarddata approach appears

sufficientlyattractivethat, wheneverand whereverpossible,the collection
and exchangeof classification-levelstandarddata would be helpfulto those
shipyardpersonneldesiringto improvetheirpredictioncapability.

E. Knowledge of the information and techniques developed during

performance of this Task would be helpful to those shipyard personnel
desiringto try this approachto improvingplanningand shop loadingin their

productionshops.

5.2 Recommendations

1. The techniques and findings developed during this Task should by

promulgated to interested shipyard personnel via a series of regional
workshopsof one or two days duration.

2. A comprehensive system for performance data measurement, collection,

and presentation should be developed in support of further effort in this

general area.

3. A programfor the identification,development,and distributionamong

interestedshipyardpersonnelof classification-levelstandarddata shouldbe
designed and promoted. This effort should include translation of the

existingMOST databaseinto classification-levelstandarddata devoidof non-
process components,if it is economicallyfeasibleto do so.
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APPENDIXA

SYNOPSISOF ENGINEEREDLABORSTANDARDINFORMATION

This Appendixis a synopsisof informationtakenfrom the followingreferences

as it relates to the general subject of engineered labor standards,

specifically formula standards developed from actualperformancedata from

shipbuildingprocesses:

References

A - Bath Iron Works Corporation,A Manualon Planningand ProductionControl— —
for ShipyardUse, September,1978.

B- Bath Iron

August,1977.

C - Bath Iron

Works Corporation,ImprovedPlanning and Production Control,

Works Corporation,SchedulingStandardsPilot Project:Summary

Report May 1982

D - Graves and McGinnis, Inc.,SchedulingStandardsPilot ProjectCompanion

ActivityFinal Report,June, 1982.

E - Bath Iron Works Corporation,StandardData ApplicationGuide, June, 1981.

F - Bath Iron Works Corporation, Labor Standards Classification System,

January,1982.

G - Bath Iron Works Corporation,APrimer on One Approach to Planning and

ProductionControlfor ShipyardUse, January,1984.

H - Graves, R. J.,

Production Planning
Symposium,San Diego,

I - Graves, R.J.and

McGinnis, L. F., and Robinson, R., “Standards for

and Control in Shipyard Shops," Proceedings OfIREAPS

September,1982.

McGinnis, L.F.,"A Method for Establishing Useful Time

Standardsfor ProductionPlanningand Controlin Shipyards," Proceedings of
Symposiumon IndustrialEngineeringApplicationsin Shipbuilding,Instituteof

IndustrialEngineersApplicationsin Shipbuilding,Institute of Industrial
EngineersNationalConference,New Orleans,May, 1982.
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1.0 HIERARCHYOF MANAGEHENTAIDS

It is recognizedwithinthe shipbuildingindustrialengineeringcommunitythat

there is a hierarchyof engineeredlabor standards(Figure1) which serves the
management and planning function. This hierarchy is only briefly reviewed
here,but more extensivedescriptions may be found in References A, B, E, F,
and G. The most detailed and lowest level of standard is the PROCESS
STANDARD,the next highestlevel is the PRODUCTIONSTANDARD,then SCHEDULING
STANDARD,PLANNINGSTANDARD,and finallythe COST ESTIMATINGSTANDARD.

There are similaritiesamong these levels in this standardsfamily. Each is

based upon a definitionof the work method, upon an understood statement of

the qualitytolerances,and upon a degree of detail as determinedby desired
accuracyof results,by end use, and by the informationavailableto the user.

Yet, these standardswill differ,largelyas a resultof this third factor.

A PROCESS STANDARD, designed to be used in detailed methods analysis by

industrialengineers,is quite detailedin nature where fractionsof seconds

in time may differentiateone method from anotherand repetitiveperformance

of the better method will result in significant time savings. By way of

example, a SCHEDULING STANDARD is significantlydifferent from the PROCESS

STANDARD in several ways. Its use would typically be outside of the

industrialengineeringorganizationwhere schedulersand shop plannersneed to
assesselapsedtime for specificwork packagesto proceedthrougha shop (see
Reference C). It provides a time budget on a work package where shipyard
benefitsaccrue from better shop loading and scheduleadherencerather than
from specificmethods improvement. The SCHEDULINGSTANDARDalso reflectsa

non-repetitivesituationwhere one package of work may significantlydiffer
from another. A flexiblemeans to determinethe SCHEDULINGSTANDARDfrom the

work content for time budgeting purposes makes it different from a PROCESS
STANDARD. In this latter regard, the use of the word standardin SCHEDULING
STANDARD is perhaps a misnomer because the SCHEDULING STANDARD actually

consists of a collection of parameters and factors which, together with a

systematic procedure, enable a scheduler to-develop a work package time
budget.

With this distinctionin mind, it is possibleto perceiveof several ways by

which to assistthe schedulerin systematicallyutilizingthose parametersand

factorsin determininga SCHEDULINGSTANDARD. One approachis that of using

formulas. The formulas,with the proper parameters, weights, and assorted
factors,are computedby the planner/schedulerafter the specificattributes

of the work are determined. Thus, the formula itself is the key to the
systematic procedure. This flexibility of formula use for varying work

attributes and content is what makes it an attractive approach for non-
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repetitivework where it is impracticalto establishstandardson the basis of

an individualtime study for each job. Descriptionsof formulasand how they
might be used can be found in References D, H, and I. The following section
providesa brief backgroundon formulas and statisticalmethods for formula
construction.

2.0 FORMULASAND FORMULACONSTRUCTION

An initialunderstandingof formulas in this contextmay be gained from the

examinationof a simplisticcase where time, the dependentvariable,is what

one wants to predict based upon the values of some independent variable,

perhapsinchesof weld length. For reasonsof assuringstatisticalconfidence
in this prediction, an experiment may be performed wherein a number of

dependent variable values may be observed for a single value of the

independentvariable. Thus for a number of observationsof weld times for a

standard weld length of twelve inches on In steel plate, it is possible to

examinethe mean and distributionof the dependentvariable,weld time, for a

given specific value of the independent variable, weld length. As other

specificvalues of the weld length (independentvariable)are examined, the

completerelationshipbetween the two variablesmay be analyzed. The result
of this analysis,in formulaform,might be expressedas the following:

T= 1.2 + 0.3W

where T = mean time to weld (minutes)

w = inchesof weld

When more than one independentvariableaffectstime, both the formulaand the
analysis procedures which are used to determine the formula become more
complex. An example of a more-complexformula is drawn from the Scheduling
StandardsPilot Project

specific segment of a
formula:

AT = 0.33 +

(ReferencesD,
piping system

0.10 x (DIA)+

H, and I) where the time to fabricatea

might be determined by the following

0.45 X (PCS)+ 0.26 X (BND)

where AT = time to fabricate
DIA = pipe diameter
PCS = number of piecesin the segment

BND = number of bends in the segment

Recallingthat a SCHEDULINGSTANDARDrequiresthe combiningof PROCESSand/or

PRODUCTIONSTANDARDSwith other factorsto developa time budgetfor a package
of work, suppose a formula approach for determining the work package time
budget is used. For copper-nickel pipe, the dependent variable might be
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determinedby the followingformula:

whereAT=

ND =

ST =

AT = 0.43 x ND+ 1.21xST

the work packagetime budget

the numberof pipe detailsdrawingscontainedin the
work package
the standardtime (i.e.combinedPROCESSand
PRODUCTIONSTANDARDtime)to performthe isolated

tasks

In this example,the two independentvariableswhich determinethe dependent

variable are ND, the number of pipe detail drawings, and ST, the combined
standard time to perform the isolated tasks. The value of ST may in turn

derive from using engineeredstandarddata within a shipyard, it may derive

from a commercial standard data system such as MOST, or it may derive from

data obtainedby work samplingactualperformancetime. Since the goal of the

SCHEDULINGSTANDARDis to improve scheduleadherenceby better predictionof

work completionas well as bettershop loadingusing this prediction,any of

these sourcesfor the-valueof ST may be beneficiallyused.

The PROCESSand PRODUCTIONSTANDARDSare directlyrelatedto the attributesof
the work involved. Such attributes might include’pipe material, pipe

diameter, number and degree of bends, number and type of joint, number of
couplers, and number of cuts. Thus a PRODUCTIONSTANDARD for a single pipe

detaildrawing would be obtainedthrougha standarddata system like MOST or
CLASSIFICATION MOST by properly adding a column of numbers representing

attribute/task times to reach a total time for the specified pipe detail.
When determinedfor all pipe detailspecificationsin the work package,these
PRODUCTIONSTANDARDtimesmay be summedto obtainthe value of ST.

It is also possible to relate the SCHEDULING STANDARD directly to the work

attributesand thus bypass the time consumingtask of collectingindividual
PROCESS and PRODUCTION STANDARD times in order to budget the work package
time. As determinedin the SchedulingStandardsPilot Project (ReferencesD,
H, and I) the SCHEDULING STANDARD formula consolidates these PROCESS and

PRODUCTION STANDARD times in the coefficients of the formula. Thus the
calculatedvaluesof the coefficientswill be highlydependenton the work mix

used for the analysis. Such a formulafor copperpipe detailsis as follows:
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AT = 1.36 + 1.34 X (DIA)+ 0.25 X (PCS)

where AT =
DIA =

Pcs =

JNT =
BND =

DxJ =
DxP =

+ 0.18 x (JNT)+ 0.62 x (BND)

+ 0.08 X (DxJ) - 0.08 (DxP)

time budget

pipe diameter

numberof pieces
numberof joints
numberof bends

diametertimesnumberof joints
diametertimesnumberof pieces .

By extendingthe statisticalanalysisprocedureused in formula construction,

it is possibleto determineproperranges or limits for which either a single

standard time or a single formula for calculating a standard time is

appropriate. Sometimes the variablesor formulas which predict time remain

relativelyconstant within a specificgroup. Suppose shot blastingof metal

plate may be classifiedby a singlevariable,area, as follows:

Group StandardTime

Small (up to 300 squareinches) 0.070 min.

Medium (300 to 750 squareinches) 0.095min.

Large (750 to 1800 squareinches) 0.144min.

This method of groupingmeans thatplate area,as an independentvariable,can
range between two specificextremes(definesa group)and still providefor a
single value of the dependent variable. If not performed with great care,

this method of grouping will tend to give erroneous values for time at the
extremes of each group, hence the problem is that of systematically

determining the best specificationof group extremes. It would usually be
desirableto eliminate such groupingsaltogetherand substitutea formula for

the entire range of independent variable values. However, the tabular

groupingsapproachmay be viewed as less complexalgebraicallyand thus easier
to use in certain contexts. By scientifically determining the group

boundaries,maximum retentionof accuracywithin this formatshouldresult.
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NORMAL TIMES

DUCT AREA
small <= 100 square inches
large > 100 square inches

DUCT MATERIAL
light <= 1/16
heavy > 1/16 AND < 3/16

SHAPES

S20 - Straight rectangular duct 20” long and below
LIGHT

SMALL = 0.25 hours
LARGE = 0.29 hours

HEAVY
SMALL = 0.37 hours.
LARGE = 0.37 hours

S40 - Straiqht rectangular duct bet
LIGHT

SMALL = 0.29 hours
=
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The PBIDATAarrayis in 17 columns,as follows:

Column Digits Significance

1 nnn Chronological serial number for the lineof data.

2 cc Shapeof piece,codedas follows:(seebottomof data sheet)
01 -
02 -
03 -
04 -
05 -
06 -
07 -
08 -
09 -
10 -
11 -

. 12 -
13 -
14 -
15 -
16 -
17 -
18 -
19 -
20 -
21 -

Transition,rectangularto round
Rectangulartransformer
Transition,rectangularto rectangular
Rectangularbellmouth
Rectangularelbow
Straightduct
Roundduct
Offset
Vane turnelbow
Goredelbow
Bellmouth
Cone
Acousticsquareto round
Elevationchangefitting
Acousticelbow
Acousticchangefitting
Acousticrectangularto round
Acousticduct
Flat ovalduct
Diffuserbox
Reducercone

3 cc Materialcomposition,codedas follows:
01 - Galvanizedsteel
02 - Perforatedaluminum
03 - Stainlesssteel

4 mmm Gaugeof material

5 c Seam type,codedas follows:
1 - Pittsburgh
2- Rivet
3 - Lock
4 - Weld
5 - 3/4" lap
6 -Spot weld
7 -Spot weldand rivet

9 - Lockform

6 mmm Time,in minutes

7 11.11 Ist openingheight,in inches

8 11.11 1stopeningwidth,in inches

9 11.11 2nd openingheight,in inches
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10

11

12

13

14

15

16

17

11.11

dd.dd

dd.d

11.11

11.11

11.11

nn

cc
01 -
02 -
03 -
04 -
05 -
06 -
07 -
08 -
09 -
10 -
11 -
12 -
13 -
14 -
15 -
16 -
17-
18 -
19 -

Slip & Drive (S&D)
S&D + Flange
Flange RTR Flange
Flange
Flange + S&D
Look
Rivet
Weld
Flange + S&R
S&R
Pittsburgh
Flange + Rivet
Bolt
Spot weld
Flange + Weld
Pittsburgh + Rivet
Pittsburgh + Bolt
Pittsburgh + S&D
Spot weld + S&D
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TRANSITION 3-TRANSITION 4 REC. BELLMOUTH 5-REC.ELBOW

.

6-STRAIGHT DUCT

Any questions contact Dan Kressig @404.



PBI DATA 1 Page 3

25.00
‘22.00

.
14
14

X
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ISDDATA

DEFINITIONS

The ISDDATA file is in 21 columns, as follows:

Column

A- Chronological serial number traceable to the ISD data and sketches

B -

C -

D-

E -

F -

G -

H -

I -

J -

K -

L-

M -

N-

0 -

P-

Q -
R -

S -

T-

U -

Material code, defined as follows:

o- Materialnot specifiedin data receivedfrom ISD.
1 - Coppernickelalloy- 90-10
2 - Copper

3 - CRES

4 - Carbonsteel

5 - Aluminumalloy (i.e.ANSI B16.9,5086,WW-T-70015TY 1)

6 - Coppernickelalloy- 70-30
Diameter,in inches

Totalnumberof weldedjoints(thisentryis the sum of EFGHI)

Numberof butt welds
Numberof flangewelds
Numberof socketwelds

Numberof weld o'lets

Numberof tack welds

Total numberof silbrazejoints(thisentryis the sum of KLM)

Numberof silbrazeconnections(otherthan LM)
Numberof silbrazeflangeconnections

Numberof silbrazeo'lets
Totalnumberof mechanicalconnections(thisentryis the sum of OPQ)

Numberof flange-to-valveconnections
Numberof screwedconnections

Numberof drilledholes
Actualfit time in minutes

Actualweld time in minutes
Actualother" time in minutes
TotalActualtime in minutes(thisentryis the sum of RST)
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D DATA 1

ER HAT DIA TOT
WLD

80 1 3.00
310
82 6
33 6
84 4
35 3
86 1
37 0
88 4
89 4

4
8
4

90 4
91 4
92 1
93 2

2
94 2
95 2
96 2

2

3.00
10.00
10.00
6.00
1.00
6.00
4.00
3.00
4.oo
3.00
1.00
0.25
4.00
4.00
3.00
6.00
1.00
6.00
6.00
3.00
1.25
2.50
8.00
4.00
4.00
2.00
U.oo
-2.50

“2.

1.00

4 0.50
:07--4- -’8.oo
108 4 4;00
109 4 6.00
110 1 2.5O
11 2 3

2

BW FLG

4

3

6
3
3

8

5
2
1

2
1
1

1
1
2
2
1

2

4
3

3

4

4

2

1

1

4

1

1
1
1

1

SW O TK TOT
LET BRZ

3
3
1

1

1
1
2
2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Page 3

SB SB O TOT FLG SCR DRL
FLG LET MEC VLV COH HLE

2

4
8
1

0
0

D-2

4
0

2 1
0
0
0
0
0

3 5
0

2 2
2

2
0
3

1 0
0
0
01

0
o
0
0

4

1

5

2
2

3

1

6

7

ACT
FIT
258
312
192
180
378
198
456
222
108
360

330

288

240
192
96
150
78
180

348
420

420
300

180
60
120
720
1440

840

240
18

480
180
120
480

240

ACT
WLD

30
96
96
102
30
84

60
36

36
186

120
30
60
30
30

60

30
30

192
144
120
216

228

ACT ACT
OTH TOT

30
12
12
12
12

138
102

72
132
288

300
300
204
264
120
264

408
456

456
486

300
90
180
750
1470

900

270
48

672
324
240
696

468
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FABRICATION STANDARDS ●

Carbon and Stainless Steel Standards

“O” LETS, I CUT OR
BOSSES THREAD ONLY

DIAMETER PER: JOINT,
SLEEVE, VALVE*

FLANGES*

31 I 121/2" 12

12

15

32 123/4” 18

111 15 21

16 23

371*” 17 25

2" 27

2½ 19

3½

47 55 --

55 64 --

16

16

811 69 I 72 I -- I -16

*Timesdo not include welding.
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